Computed tomography and a 3-point bending test were performed on the metacarpal bones of adult production pigs to test the hypothesis that bone strength is strongly correlated with areal bone mineral density (BMD) in this population. The aim of the study was to subject material from adult production pigs grouped by BMD to 3-point bending, to test this hypothesis and determine any correlations. In all, 168 individual computed tomography scans and mechanical tests were performed on the collected material. For evaluation purposes, the material was divided into the categories low, medium, and high BMD (<1, 1 to 1.4, and >1.4 g/cm 2 , respectively). The results showed a difference in
INTRODUCTION
A balance in pig production between the pressure to increase stocking rates and the environmental effect of the associated slurry is required. The pig industry is careful to minimize pollutants in slurry by decreasing the mineral content in feed. The potential animal welfare effect of this, particularly the possibility of predisposing pigs to bone fractures, is clear. An increase in fractures detected at slaughter has been reported (Christensen and Wachman, 2001) . To meet the concern over fracture risk in pigs fed low mineral diets, a practical, objective method is needed to measure bone strength. Such measurements can be used in screening procedures to detect important changes in bone strength or to address public concern.
Dual-energy X-ray absorptiometry (DXA) results, obtained using a protocol suitable for mass screening in the pig, are highly reproducible and give an accurate estimate of bone mineral content and bone mineral den-1 667 the maximum load, in the stress at maximum load, and stiffness among each BMD group (P < 0.001) and in elastic modulus between the low BMD group and the 2 other groups (P < 0.001). A correlation between both intrinsic and extrinsic measures of bone strength and BMD was thus demonstrated. The projected change in each of the variables reported, for a 0.1 g/cm 2 alteration in BMD (within the BMD range evaluated in this study), is as follows: maximum load, 708 N; stress at maximum load, 50 N/mm 2 ; stiffness, 391.6 N/mm; and elastic modulus, 108 N/mm 2 (P < 0.001). The results confirm the relationship between BMD and bone strength and indicate that BMD screening can be used in fracture risk assessments in production pigs. sity (BMD; Nielsen et al., 2004) . Other studies examining the relationship between BMD and bone strength are limited to growing pigs (Koo et al., 2001; Van der Meulen et al., 2001) and other animal species and have shown a correlation between these variables (Alho et al., 1988 , Iida-Klein et al., 2006 .
The relationship between BMD and fracture risk is complex (Alho et al., 1988; Faulkner, 2000; Wachter et al., 2002) . The structural arrangement of the whole bone has an important effect on its function (Stenstrom et al., 2000; Van der Meulen et al., 2001) . Given the importance of structure, a correlation between BMD alone and bone strength cannot be assumed.
This study addressed the question of whether BMD values, acquired following the previously reported protocol, are significantly correlated to bone strength. Such a correlation would identify BMD measurements, collected my means suited to longitudinal and screening studies, and a useful indicator of bone strength. This study aimed to establish if this correlation exists.
MATERIALS AND METHODS

Animals and Specimens
Animals used to provide material for this study were normal commercial production pigs, and the material was collected after normal slaughter. There were no animal care and use committee concerns.
In an earlier study, the right and left metacarpal bones from 698 pigs, collected at 3 geographically separate slaughter facilities in Denmark, were classified into 3 groups by BMD determined by DXA. Herd factors for these animals are given in Table 1 . The DXA measurements taken from these animals were taken from the metacarpal and phalangeal bones. The samples were considered representative of production pigs from commercial farms. The groups were as follows: BMD <1 g/cm 2 (low), BMD 1 to 1.4 g/cm 2 (medium), and BMD >1.4 g/cm 2 (high). Sample size (30 pairs per group) was determined after considering statistical and economic factors. Pairs were selected randomly and kept in storage at −18°C until use. From the samples, paired (right and left), fourth metacarpal bones were dissected free from the remaining tissue. In some cases, separation of the fourth from the third metacarpal bone was not possible so that 30, 28, and 26 pairs from the low, medium, and high BMD groups, respectively, were available for further testing. Thus, 168 individual bones were tested. After dissection, the overlying soft tissue was removed by hand, the bones were wrapped in gauze, which was then moistened with 0.9% saline, and then returned to storage at −18°C.
Morphological Measurements
The specimens were imaged with computed tomography (Somatom Plus 4, Siemens, Forchheim, Germany) using a sequential scanning mode. Collimation was set at 5-mm slice thickness, and images were obtained at 120 kV and 200 mA. An imaging window suitable for bone (100 and 3,071 HU) was used, and the volume of bone present was calculated from the entire image sequence. Cortical thickness was read from a single slice, obtained at the middiaphysis (the site of the com- pression test; see below), together with the internal and external diameters of the bone in the direction of and orthogonal to the compression axis ( Figure 1 ). Bone length was determined from the image sequence. In all images analyzed, the bone edges were identified, based on Hounsfield units, and the measurements were reported directly or were used in the calculation of the bone strength variables. After imaging, the samples were returned to storage at −18°C.
3-Point Bending Test
Before the 3-point bending test, samples were thawed in saline at room temperature (23°C) for 24 h. This test was made on all of the bone samples using a dedicated apparatus (Lloyd Instruments LR50 K, Ametek Inc., Fareham, UK) running the Lloyd Instruments 1996 Addendum Version 1 (Addition to Windows R Control V1.10) equipped with a 5-kN load cell. After calibration, each sample was placed between the 3 loading points on the unit, the center point positioned at the middiaphysis, and the 2 remaining points at the opposite side of the bone and toward each bone extremity. The distance between the bars at the extremities was kept constant for all samples at 27.32 mm ( Figure 2 ). The rate of loading was 15 mm/min until the maximum (breaking point).
For each specimen, the unit yielded a plot of the deformation produced over the range of loads applied, Figure 2 . Three-point bending apparatus. A fourth metacarpal bone is supported on its lower side at 2 points, and compression is applied at a single point from above.
i.e., a load deformation curve ( Figure 3 ). From this curve, the maximum load (N; load at breaking point) and stiffness (N/mm; the slope of the load deformation curve) can be read. The area over which the load is applied is determined from the computed tomographic measurements and so a value for stress can be calculated. Stress at maximum load (N/m 2 ; the force per unit area at breaking) and the elastic modulus (slope of the stress strain curve for the preparation) were calculated.
Ash and Mineral Determination
The percentage of P and Ca contents were determined by a commercial laboratory (AnalyCen A/S, Fredericia, Denmark) in all of the bones included in this study according to their in-house protocol. This involved manual removal of soft tissues, determination of the dry weight, grinding to a fine powder, and removal of fat using an organic solvent. The fat-free powder was weighed and then ashed at 550°C for 6 h. The weight of the material remaining, i.e., ash, was determined and compared with the weight of the original fat-free bone powder sample. Mineral assay was determined by optical emission spectrum photometry.
Statistical Analyses
The data were analyzed using PROC GLM (SAS Inst. Inc, Cary, NC). The low, medium, and high BMD groups were used as class variables. A linear model for 1-way ANOVA was used, as follows: Yij = + α i + e ij , where i = the class variables and j = the number of replicates in each group. Multiple-range testing was done by use of the Bonferroni's test for each variable.
RESULTS AND DISCUSSION
The selection procedure resulted in 84 paired samples in all. All samples were collected from production sows in commercial herds and are thus typical of material encountered in normal pig production in Denmark (Table 1). The DXA scan and the bone strength test used in this study were performed on postmortem specimens. The treatment and storage of the samples was such that no significant postmortem alteration of the variables measured would have occurred for either category of test (Turner and Burr, 1993) . The samples were identified in previous studies as being readily available at low cost and yielded reproducible results on DXA scanning. The BMD data from the population used in this study has previously been shown to correlate with aspects of husbandry including floor type and freedom of movement (free range or confined; Nielsen et al., 2004; Madsen et al., 2005) . In clinical and experimental settings, DXA continues to be a useful tool for bone and body composition measurements. This is especially so in the light of recent improvements in the technique, which is now accepted as being simple to perform, reproducible, and widely available (Albanese et al., 2003) . Although DXA is still considered the gold standard for BMD measurements (Lewiecki, 2005) , peripheral quantitative computed tomography has also been used to determine BMD. This latter technique yields a volumetric result for BMD [g/m 3 , which can be combined with indices of bone geometry (e.g., cortical cross-sectional area) to yield the bone strength index]. This approach is attractive because it integrates the contributions of geometry and material to bone strength. Recent reports, however, conclude that areal BMD [g/m 2 derived from bone mineral concentration] over the projected area, which is also an integration of the contributions of geometry and material, may have similar value to the bone strength index for predicting bone strength Cortical thickness is the sum of cortical bone thicknesses in the direction of and orthogonal to the axis of compression. (Siu et al., 2003) . Areal BMD and not volumetric BMD was used to provide the data in this study.
There was no significant difference between right and left limbs for any of the variables reported, so data from the right and left in each individual for each variable were combined, and the average was used. The mean BMD of the selected specimens within each of the 3 BMD groupings was 0.8921, 1.2971, and 1.5315 g/cm 2 (low, middle, and high, respectively). A computed tomography image from the middiaphysis at the site of compression is shown in Figure 1 . The cortical bone thickness at the compression site and the bone length and volume in each of the BMD groups show that the physical dimension of the bones relate to BMD grouping (Table 2) . Bones with greater BMD have larger dimensions. Techniques to measure bone strength are reported in the literature. The 3-point bending test used in this study is widely reported (Turner and Burr, 1993; Stromsoe et al., 1995) . This test yields a curve showing the relationship between the load or stress applied to bone and the deformation or strain that results. From this curve, many variables can be extracted. The 3point bending test of a bone specimen is illustrated in Figure 2 , and a typical load deformation curve for an individual is shown in Figure 3 . Values of maximum load, stiffness, stress at maximum load, and elastic modulus are given in Table 3 for each of the BMD groups. The values for stress at maximum load in Table  3 show a significant difference among groups, i.e., bones are not only getting progressively larger from the low Within a column, means without a common superscript letter differ (P < 0.001).
1 Maximum load and stiffness (slope of the load deformation curve in its linear region defined by visual inspection) was read directly from the curve. Stress at maximum load and elastic modulus were calculated. Values given are means together with the SEM. BMD group to the high group, but they also have greater intrinsic (material) strength. The results give an indication of the mechanical properties of the bone examined and the risk of fracture. Fracture risk must also be related to the type of stimulus, such as the repeated bone loading of the type associated with fatigue fractures or the excessive loading that results in fracture after a single load application. In stating fracture risk, the physical nature of the load applied to bone as well as the mechanical properties of the bone must be considered (Turner and Burr, 1993) . The quantification of bone strength is a complex biomechanical issue. One can consider the inherent strength of the material making up the bone and also, separately, the strength of the assembled complete bone. The analogy of the distinction between the strength of a building material to that of the final completed building has been made (Turner and Burr, 1993) . In our study, the variable elastic modulus was reported, and this is accepted as a property of the material itself (Currey, 2001) . Elastic modulus is derived from the slope of a stress strain curve of the object under test. Likewise, stress at maximum load, the force per unit area on the bone at the maximum possible applied force (typically, at breaking point for bone), is an intrinsic property of the material, independent of size and shape of the bone. Stiffness is a property of the entire bone. It is sometimes called extrinsic stiffness and is measured from the load deformation curve of the bone under test. The quantity, maximum load, is also a property of the entire bone Within a column, means without a common superscript letter differ (P < 0.001).
1 Values given are means together with the SEM. and is read directly from the load deformation curve at the point where the bone accepts maximum loading. This will typically be at the breaking point for bone, but maximum load and load at breaking point can be different in some materials. Both elastic modulus and stress at maximum load are measures of material strength and are reported in Table 3 . Elastic modulus, however, does not show the same increase with increasing BMD as stress at maximum load. Alteration in size is proposed as the primary means of adaptation to increased loading. This proposal is based on findings that larger bones have similar cortical BMD, i.e., volumetric BMD, compared with smaller bones (Haapasalo et al., 2000) . Our results for the low to middle BMD group in Tables 2 and 3 show that an increase in entire bone strength (indicated by maximum load and stiffness and a function of increased loading) is related not only to size but also to material strength (as measured by stress at maximum load and elastic modulus).
Values of ash percentage and P and Ca content for each of the BMD groups are shown in Table 4 . These data do not give a clear trend. Although there is a difference, for example, between low and middle BMD groups for ash percentage, this difference is not seen between bones in the middle and high groups. The projected changes in value of ash, P and Ca, maximum load, stress, stiffness, and elastic modulus per unit change in BMD are given in Table 5 . There are significant associations between BMD and all variables measured. The R 2 value associated with some of the variables is high, indicating that the linear model adequately describes the relationship of that variable with BMD. For other variables, however, although there is a significant association with BMD, the R 2 is low and thus the linear model used does not adequately describe the relationship.
The results show that a correlation exists, in the material used for this study, between BMD and bone strength. With respect to bone strength, BMD correlated with variables relating to both the intrinsic (or material) strength and extrinsic (relating to structural) strength of the bone.
Given the linkage shown in this study between BMD and bone strength, it can be accepted that the risk of fracture in the tissue examined relates to BMD. However, the use of BMD measured at 1 site to estimate fracture risk at another site in the same animal is problematic. It is reasonable to suggest that animals with lower BMD are in general at greater risk of fracture than animals with greater BMD. This cannot be tested using the data obtained in this study. In humans, BMD data obtained from specific sites have been widely used when making general predictions concerning fracture risk throughout the skeleton (Faulkner, 2000) .
If specific sites appear prone to fracture in a population, then BMD measurements from these specific sites rather than the site used for the data in this study would be appropriate and would likely be the best predictor of fracture at that site. However predilection fracture sites, if they exist, have not been identified in commercial production pigs.
The strong correlation between BMD and both intrinsic and extrinsic variables of bone strength demonstrated in this study indicates that DXA results obtained in a manner such as that used for this study
